THE HEREDOFAMILIAL myopathic disorders associated with cardiomyopathy include progressive muscular dystrophy' and dystrophia myotonica.2 Our observations will be confined to progressive muscular dystrophy and to its cardiac expressions. Current consensus indicates3 that a substantial majority of the nonmyotonic dystrophies can be classified as the Duchenne,4 5 the limb girdle,6 the facioscapulohumeral,7 and the "benign Duchenne or limb girdle with pseudohypertrophy"8' 9 (table 1, fig. 1 ).
Published data relating cardiomyopathy to progressive muscular dystrophy are convincing, but the importance of this relationship is not widely enough appreciated. Knowledge of the clinical manifestations of dystrophic heart disease remains incomplete, and occult cardiac involvement often goes unrecognized. It has generally been difficult to associate the accounts of heart disease with specific types of systemic myopathy since the term "progressive muscular dystrophy" has usually been applied as an overall designation without attempting to subdivide patients into the various clinical groups." [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Furthermore, the different forms of muscular dystrophy resemble each other histologically.9' 20 Biopsy, therefore, cannot be depended upon to separate one from the other. Reviews have been limited by employing retrospective analyses of hospital case records'0 or by depending upon published reports of incompletely classified cases.' When the patients were classified, the authors have emphasized either a particular group of dystrophic subjects21-24 or particular cardiovascular facets (electrocardiography,22 25 hemodynamics,24 or myocardial metabolism26' 27) . Because of these shortcomings, a prospective study was undertaken in order to examine in detail the histories, the physical signs, the phonocardiograms, the electrocardiograms, the vectorcardiograms, the X-rays, the serum enzymes, the pulmonary ventilatory findings, and the hemodynamics in a group of patients selected solely on the basis of the diagnosis of one of the major types of progressive muscular dystrophy. It was our 3. Facioscapulohumeral dystrophy (Landouzy-Dejerine, autosomal dominant) *In individual cases it may be difficult to distinguish the slowly progressive sex-linked Duchenne from the slowly progressive, autosomal recessive Duchenne from Erb's limb girdle dystrophy with pseudohypertrophy. When these clinical distinctions could not be made, patients were designated "benign Duchenne dystrophy" or "limb girdle dystrophy with pseudohypertrophy." hope that comprehensive assessment of a reasonably large and carefully classified group of dystrophic subjects might provide useful additional information regarding the nature of dystrophic heart disease.
Methods
Patients were derived from the Muscular Dystrophy Clinic of the Georgetown University Medical Center. Selection was based strictly upon the neurological consultant's diagnosis of progressive muscular dystrophy. No patient had recognized heart disease prior to selection. Follow-up periods ranged from a few months to 5 years. The study included 55 subjects, all individually seen by the authors and classified as: (1) the classic aggressive pseudohypertrophic Duchenne type, (2) the limb girdle type of Erb, (3) the "benign Duchenne or limb girdle type with pseudohypertrophy," and (4) the facioscapulohumeral type of Landouzy-Dejerine (table 2, fig. 1 ).
In four instances heart rate was determined for long periods by using a cardiac monitor. Phonocardiograms were taken with a Sanborn 2 or 4-channel photographic recorder. Each patient had one or more 12-lead scalar electrocardiograms, and 29 patients with Duchenne dystrophy had (Erb) with involvement of shoulder girdle, pelvic girdle, and proximal leg muscles. The face (not shown) was completely spared. Lower left. Son and mother with facioscapulohumeral dystrophy (Landouzy-Dejerine). There was involvement of shoulder girdle, proximal arm muscles (bandage at biopsy site), and face (not shown). Lower right. "Benign Duchenne dystrophy" or "limb girdle dystrophy with pseudohypertrophy." Patient died because of cardiomyopathy. There was dystrophy of shoulder girdle, arms, pelvic girdle, and proximal leg muscles with asymmetrical pseudohypertrophy of the calves.
Circulation, Volume XXXIII, April 1966 vectorcardiograms (Schmitt or Frank system). Each subject had one or more sets of posteroanterior, oblique, and lateral chest X-rays. Total serum enzymes including serum glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT), lactic dehydrogenase (LDH), and aldolase were determined on one or more occasions.
In an attempt to gather information regarding the myocardial or skeletal source of these serum enzymes, thermal separation of LDH isoenzymes was done in 19 instances. In addition, both systemic arterial and coronary sinus concentrations of aldolase, SGOT, SGPT, and LDH and its isozymes were determined in 12 dystrophic subjects and in a control group of eight patients with congenital or rheumatic heart disease. Lactic dehydrogenase isozymes were separated by the relative heat stability method28 and were numbered according to the terminology of Wroblewski and Gregory.28 This terminology, derived from the rates of isozyme migration during electrophoretic separation, designates the slowest moving isozyme LD, and the fastest LD5.
Criteria for isozyme elevations were based upon either an abnormal absolute isozyme value or upon an abnormal percentage of total LDH. These criteria were applied only when the total LDH was increased. Hemodynamic studies were done in 28 instances using standard methods of venous catheterization with modifications appropriate for patients with marked musculoskeletal deformity. Observations were made during the Valsalva maneuver, during sustained abdominal compression,24, 29 and when possible during leg exercise. The electrocardiogram was constantly monitored to determine susceptibility to arrhythmias. Cardiac outputs were done with indocyanine-green dye. Pulmonary ventilatory studies were performed in 24 instances and included vital capacity, functional residual capacity, residual volume, total lung capacity, ratio of residual volume to total lung capacity, maximum breathing capacity, timed vital capacity, maximum expiratory flow rate, expiratory and inspiratory residual volumes, tidal volume, mixing time, oxygen consumption, minute ventilation, respiratory rate and respiratory equivalent. Blood gas analyses included arterial 02 saturation, P02, pCO2, and pH.
Results

Classic Aggressive Pseudohypertrophic Duchenne Dystrophy
Clinical and phonocardiographic data are summarized in table 2. One patient, an 18- year-old male under observation for 4 years, developed rapidly progressive cardiac failure from which he died after having the disease Circulation, Volume XXXIII, April 1966 for 13 years. Although an apical pansystolic murmur had been detected at age 14 years, symptoms of heart failure did not appear until 1 month before death. At autopsy ( fig. 2 ) the left ventricle was dilated, flabby, and slightly thickened with elongation of chordae tendineae and papillary muscles. The circumference of the mitral annulus was markedly increased and the left atrium was enlarged. The right ventricle was dilated and thin. Sections of left ventricular free wall disclosed marked interstitial fibrosis and extensive replacement of myocardial fibers with connective tissue. In contrast, sections from the right ventricle and ventricular septum showed no significant increase in fibrous tissue. Sections of coronary arteries revealed no apparent abnormalities.
Left parasternal systolic impulses occurred as a rule in patients with straight thoracic spines30 and with normal right ventricular and pulmonary arterial pressures. Although the majority of patients had third heart sounds, these may well have been physiological. However, the incidence of atrial sounds (table 2, fig. 3 ) was abnormal and could not be explained by prolongation of the PR intervals. The apical pansystolic murmur occurred in the patient who died ( fig. 2 ).
Radiological data are summarized in table 3. Because of thoracic distortion, intrinsic cardiac enlargement was difficult to assess. A confident radiological diagnosis of cardiomegaly was made in only two instances, one of which was based upon the preterminal films of the patient who died.
Electrocardiographic data are summarized in table 4 . In 32 instances, one or more features of the electrocardiograms were considered abnormal. PR intervals were judged by Ziegler's mean normals for age and heart rate.3' One patient had a pacemaker that shifted from sinus to A-V node (fig. 4 ). The incidence of abnormally deep Q waves was impressive especially in leads V4-6 ( fig. 5 ). The duration of these Q waves was always normal. The incidence of abnormally tall R waves in VI was equally impressive ( fig. 6 ).
Vectorcardiographic analyses32 indicated that the anterior QRS shifts were not due to right ventricular conduction defects ( fig. 6 ). The deep Q waves in the scalar electrocardiograms were not readily identified in the vectorcardiograms. Serum enzyme data are summarized in table 5. Aldolase was elevated in all tested sera. Both LDH and SGOT were generally but not uniformly elevated (85% and 89%, respectively), and SGPT was somewhat less regularly increased (74%).
Thermal separation of LDH isozymes was done on systemic samples in 19 instances. Total LDH was elevated in 16 of these and in all 16 LD5 was similarly elevated. An increase in LD1 occurred only twice although elevations in fractions LD2-4 occurred in 10 sera. In 12 samples simultaneously drawn from coronary sinuses, total LDH was elevated in 10 and in all 10 LD5 was increased.
An increase in LD1 occurred in only three of these, but elevations of LD2-4 occurred in seven.
In both dystrophic and control patients, Figure 2 Upper. The opened heart of an 18-year-old male who died of rapidly progressive cardiac failure associated with classic Duchenne dystrophy. The left ventricle was dilated and flabby. The mitral annulus was markedly dilated and the left atrium was enlarged. The chordae tendineae and papillary muscles were elongated and flattened. Lower. Representative histological section from the left ventricle showing striking replacement of myocardial fibers with connective tissue in addition to extensive interstitial fibrosis.
Circulation, Volume XXXIII, April 1966 concentrations of coronary sinus and systemic arterial LDH, LDH isoenzymes, aldolase, SGOT, and SGPT were of the same order with the following exceptions. In two instances, coronary sinus LD1 was relatively increased; in one instance LD24 was similarly Table 4 Duchenne Dystrophy: Electrocardiographic Data Cases Figure 3 Representative phonocardiograms in the four groups of dystrophic patients showing combinations of both atrial (A) and third heart sounds (S3). S1 and S2, first and second heart sounds, respectively. increased, and in one determination systemic LD1 was relatively increased.
Hemodynamic data are summarized in table 6 . In five of the 11 subjects with resting cardiac indices exceeding 3.5 L/min/m,2 they ranged from 3.6 to 4, and in six from 4 to 7 L/min/m.2 In each of these 11 the elevated cardiac outputs were rate related since stroke volumes were normal. Hemodynamic response to leg exercise was not determined because none of the subjects were physically able to cooperate. Arteriovenous 02 differences at rest were consistently normal. During the course of cardiac catheterization, more than 90% of the patients appeared unduly susceptible to both atrial and ventricular arrhythmias when compared to nondystrophic subjects studied in the same laboratory.
Pulmonary function was assessed in 16 instances. Restrictive defects were present in seven patients, one of whom had a mild obstructive defect as well. In six instances the results were normal and in three the data Circulation, Volume XXXIII, April 1966 were unsatisfactory because the patients were unable to cooperate. Arterial blood gas analyses including 02 saturation, p02, pC02, and pH were all normal. Although pulmonary compliance was not measured directly, the marked respiratory variations of mean pulmonary capillary venous pressure suggested a decrease in compliance.
Gastrocnemius muscle biopsies were obtained in 18 patients. Each specimen was histologically typical of progressive muscular dystrophy. Protein-bound iodine was determined in 10 patients with classic Duchenne dystrophy. The values were all normal.
Limb Girdle Dystrophy
Clinical and phonocardiographic data are summarized in table 2. Three of the 11 patients with third heart sounds were aged 35 years or older. In the five patients with atrial sounds, the PR intervals were normal in three, and slightly prolonged for age and heart rate31 in two. Five subjects had both atrial and third heart sounds ( fig. 3 ). The occur-
Figure 6
The electrocardiograms are from brothers with classic Duchenne dystrophy. The vectorcardiogram is from the elder of the two. Note the remarkable similarity of the two electrocardiograms. In both there are tall R waves in V1 and terminal forces directed to the right (r' in aVe). There is no evidence of a conduction defect in the vectorcardiogram. rence of pulmonic ejection murmurs, exaggerated splitting of the first and second heart sounds, and increased intensity of tricuspid valve closure may have related in part to the narrowed anteroposterior chest dimensions caused by loss of thoracic kyphosis or pectus excavatum.30 Despite narrowed anteroposterior chest diameters, the intensity of pulmonary valve closure was not selectively increased. Radiological data disclosed the following: One patient with loss of thoracic kyphosis had leftward displacement of the heart, and another had a prominent pulmonary artery. One patient had pectus excavatum, one had scoliosis, and four had absence of normal kyphosis (straight thoracic spines). In no instance could intrinsic heart disease be confidently inferred from the X-rays.
Electrocardiographic data are summarized in table 7. Minor T-wave changes (low voltage) occurred in a patient receiving digitalis. The three patients with either abnormal Q waves or abnormal lead-V1 R waves deserve special comment (see discussion).
There were abnormal serum concentrations of aldolase in five of six patients, of LDH in five of nine, of SGOT in three of eight, and of SGPT in one of four studied. In two pa-tients, coronary sinus concentrations of LDH, LDH isoenzymes, aldolase, SGOT, and SGPT were not elevated when compared with systemic arterial concentrations and when compared with coronary arteriovenous differences in nondystrophic subjects.
Hemodynamic data were obtained in three patients with limb girdle dystrophy. Although the pulmonary capillary venous pressures were normal, in one patient the right ventricular end-diastolic pressure was slightly elevated (6 mm Hg), and in another the right ventricular systolic pressure was at the upper limit of normal (32 mm Hg). All three patients exhibited small right ventricular-pulmonary arterial systolic gradients (6 to 10 mm Hg) which were considered insignificant. The resting cardiac indices were normal in two subjects and 4.1 L/min/m2 in one. All other parameters, including sustained abdominal compression and the Valsalva maneuver, were normal. The hemodynamic response to exercise was not determined because of the physical status of the patients.
Pulmonary function was assessed in four patients, all of whom had restrictive defects. Blood gas analyses were normal. R.V.E.D.P. 4 8 B.A. Valsalva 10 3 Cardiac index > 3.5 L/min/m' 6 11 A-V 02 difference 13 1 P.C.V.P. = pulmonary capillary venous pressure R.V.E.D.P. = right ventricular end-diastolic pressure; P.A. and B.A. = pulmonary and brachial arteries.
Circulation, Volume XXXIII, April 1966 fig. 7 ) all four cardiac chambers were dilated and flabby, and the left ventricle was especially so. There was no gross coronary artery disease, although the walls of some intramural arteries were moderately thickened with medial fibrosis. Both ventricles and the right atrium had focal areas of marked subendocardial fibrosis. Serial sections of the bundle of His revealed extensive hyalinization. The interventricular septum and the ventricles had variably sized areas of discrete and confluent scarring. Fatty replacement of the myocardium was especially prominent in the right ventricle. In the three living subjects, third heart sounds were not necessarily pathological, although atrial sounds in two of them ( fig. 3 ) could not be explained by PR interval prolongation. The left parasternal systolic impulses, the split first heart sounds with increased intensity of tricuspid closure, the exaggerated splitting of the second sound, and the pulmonic ejection murmurs appeared to have been associated with the straight thoracic spines or pectus excavatum, or both. One patient had noncardiac chest pain.
The electrocardiogram ( fig. 8 ) of the man who died of cardiomyopathy initially exhibited left axis deviation, QRS prolongation, and small Q waves (less than 0.04 second) in leads I and aVL. The r in lead V, was small. Four years later permanent complete heart block developed. Electrocardiograms in two The heart of the 45-year-old man with "benign Duchenne" or "limb girdle dystrophy with pseudohypertrophy" who died of cardiomyopathy. Upper. Dilated flabby left ventricle with focal endocardial thickening. The mitral annulus and left atrium were also dilated. Lower.
Microscopic section from left ventricle showing marked confluent scarring with variations in fiber size. There was no significant coronary artery disease.
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Serum enzyme data revealed abnormal concentrations of SGOT in three patients, of aldolase in two, of LDH in two, and of SGPT in one. The patient who died had normal enzyme levels. Thermal separation of systemic LDH isozymes yielded inconclusive results. Elevations of LD1 occurred once, of LD5 twice, and of LD2-4 twice. Coronary
Figure 8
Electrocardiograms in the patient whose heart is shown in figure 7 . The 12-lead tracing (upper) taken at age 40 years shows left axis deviation, QRS prolongation, and small Q waves in leads I and aVL. The lower tracing taken 4 years later shows complete heart block with a variable QRS configuration. The electrocardiograms revealed slight PR 0 3
interval prolongation in one instance and an 3 0 r' pattern in aVR in two. None of the tracings were considered definitely abnormal. enzymes and of There were elevated levels of serum aldolase d systemic conin two of three patients, but levels of LDH, two patients in SGOT, and SGPT were normal. None of the re made.
three subjects had elevations of coronary sinus were obtained concentrations of total enzymes or of LDH of the one that isozymes when compared with systemic arteri-,tance the right al concentrations or when compared with ure was elevated coronary arteriovenous differences in nondysises of the right trophic subjects. ventricular end-Hemodynamic data were obtained in all ained abdominal three facioscapulohumeral patients. In one, ient had an abthe mean pulmonary capillary venous pressure ial arterial pulse was slightly elevated (13 mm Hg) and in one other subanother the brachial arterial response to the ssure was 8 mm
Valsalva maneuver was abnormal. One pan Hg, a V wave tient had a 6 mm right ventricular-pulmonary ventricular endarterial systolic gradient that was increased Cardiac indices to 10 mm Hg with exercise, and a second L/min/m,2 repatient developed a 4-mm gradient during is precluded obexercise. In two instances, the resting cardiac exercise.
indices were 4.4 and 5.3 L/min/m.2 All other ssessed in three parameters including abdominal compression had a combined and the hemodynamic responses to exercise were normal.
Pulmonary function was assessed in each category were of the three patients, one of whom had a fig. 1 Classic Aggressive Pseudohypertrophic Duchenne Dystrophy3, 9, 46 (Fig. 1 , Table 1) The sex-linked recessive form occurs almost exclusively in males and characteristically begins during the first 5 years of life. Onset in the pelvic girdle causes exaggerated lumbar lordosis, protuberant abdomen, and clumsy, waddling gait. Pseudohypertrophy of the calf is especially marked in the early course of the disease. There is later spread of the dystrophy to the shoulder girdle. Progression is usually constant and often rapid with the development of contractures and skeletal deformities resulting in confinement to wheelchair or bed within a decade of onset. Although patients generally Circulation, Volume XXXIII, April 1966 succumb to inanition and infection (especially pulmonary23), dystrophic cardiomyopathy may be an important cause of death.10' 23, 44 Seventy per cent of our Duchenne patients were confined to wheelchairs (table 2) . "Cardiac symptoms" had to be interpreted in the context of the physical limitations imposed by the musculoskeletal defects. For example, the effort needed to accomplish even simple maneuvers may cause these patients dyspnea, fatigue, and palpitations that need not be cardiogenic. It was difficult to conclude with certainty that any of the subjects in this group had cardiac symptoms with the exception of the one who died of heart failure. Abrupt episodes of palpitation, diaphoresis, vomiting, and abdominal pain1' 23, 47 were not personally observed, but three patients experienced isolated bouts of recurrent palpitation, and a fourth died elsewhere after laparotomy for severe abdominal pain of unknown cause. Chest pain, although uncommon, was considered noncardiac and appeared to be related to movement of shoulder girdle or thorax in subjects with marked somatic deformity. The patient Who came to autopsy ( fig. 2 ) typified the feature of rapidly progressive preterminal heart failure after previous cardiac stability. 44 Opinion has differed regarding a relationship between systemic severity and electrocardiographic abnormalities.23 45 In our patients there was no apparent connection between the degree of systemic skeletal disability and the cliniral evidence of dystrophic heart disease. Electrocardiograms of ambulant or wheelchair patients were generally indistinguishable. Although it seems reasonable to propose that the greater the chronicity, the greater the likelihood of both progressive skeletal disability and overt cardiomyopathy, this inference remains to be confirmed.
Scoliosis46 and pectus excavatum'6 have been commented upon in progressive muscular dystrophy. Absence of thoracic kyphosis (straight thoracic spine) was an additional deformity not hitherto emphasized but commonly observed in our patients (table 3) . These deformities may cause striking alterations in chest configuration and may produce physical signs resembling organic heart disease. The incidence of left parasternal systolic impulses, pulmonic ejection murmurs, exaggerated splitting of the first and second heart sounds with increased intensity of tricuspid valve closure, therefore, may relate to the diminished anteroposterior chest dimensions and not to dystrophic heart disease. 30 On the other hand, pansystolic murmurs have not been observed in uncomplicated pectus excavatum or scoliosis and were not found with simple loss of thoracic vertebral curvature.30 The 18-year-old boy with an apical pansystolic murmur was found at autopsy to have dystrophic cardiomyopathy with dilatation of the left ventricle and mitral annulus ( fig. 2 ). Gallop rhythm has been reported in muscular dystrophy but without detailed comment. 1 13' 47 Although the majority of the patients in our Duchenne group had third heart sounds, these could not be confidently distinguished from physiological third sounds that commonly occur in subjects of the same age. However, the abnormal incidence of atrial sounds ( fig.  3 ) might prove useful in the early clinical detection of cardiomyopathy.48 49 A loud second pulmonic sound has been described in Duchenne dystrophy,24 but in our patients selective increase in the intensity of pulmonary valve closure did not occur. Thoracic distortion may cause an increase in the second heart sound to the left of the sternum, but when the two components were assessed during inspiration, the plImonic component did not exceed the aortic.
Radiological interpretation of the size and configuration of the heart must be considered in the context of the thoracic deformities and elevated diaphragms (diaphragmatic muscle dystrophy). Patients with pectus excavatum or with loss of normal thoracic kyphosis may have a leftward shift of the heart, a prominent pulmonary artery, or a "pancake" cardiac silhouette.30 On the other hand, true cardiomegaly may be difficult to infer with certainty. Although 11 of our Duchenne patients had altered cardiac contours (table 3), in only two could a confident diagnosis of intrinsic heart disease be made from the X-rays.
As early as 1904, Meerwein35 commented upon inappropriate tachyeardia in progressive muscular dystrophy. In 1930, Boas and Lowen-berg38 emphasized that the heart rate was apt to be rapid even during sleep, was frequently labile, and was apt to accelerate excessively in response to minimal stimuli. The clinical classification of patients in these studies was not evident. In our Duchenne group (table 4) persistent sinus tachycardia occurred in slightly over half, but labile ac-celerations23 were uncommon ( fig. 4 ). Premature beats were rare (table 4), and ectopic tachycardias were not observed although excessive myocardial irritability occurred during cardiac catheterization. Paroxysmal ventricular tachycardia has been reported,'6' 38 but the type of dystrophy involved was not clear. P-wave abnormalities have been described and related to pathological changes in atrial muscle.10' 16 In our Duchenne patients and in those reported by Manning and Cropp,22 the P waves were normal. Gilroy and co-workers23 made no mention of the P wave despite dystrophic involvement of the atria. The PR interval when commented upon has been described as short. 40 In our tracings the PR intervals were either normal or slightly prolonged for age and heart rate. 3' In 1952, Rubin and Buchberg" described abnormally deep Q waves in dystrophic heart disease. Although the descriptions left doubt regarding the form of systemic dystrophy, subsequent observations21' 22, have confirmed the presence of Q abnormalities in the classic Duchenne type. In our group, 23 of the 35 patients had deep Q waves ( fig. 5 ). They were present in leads I and aVL or II, III, and aVF with equal frequency, but the incidence in leads V4-6 was twice as great as that in the limb leads. Despite the obvious presence of the deep Q waves in the scalar electrocardiogram, these initial force deformities were not readily identified in the vectoreardiograms. This discrepancy is of considerable interest in the clinical detection of the Q abnormality and emphasizes the usefulness of the standard electrocardiogram. These Q waves have been attributed to re-placement of cardiac muscle by connective tissue and fat and hence have been considered analogous to the Q's of myocardial infarction.'1' 23 Although dystrophic Q waves are abnormally deep, they are not abnormally broad and hence differ morphologically from infarct Q waves which characteristically are broad but not deep. In the reported pathological descriptions, the distribution of myocardial dystrophy could not be clearly related to the location of the Q waves in the electrocardiogram. Demos and Ecoiffier50 demonstrated abnormalities of intramuscular vessels by arteriography but made no reference to coronary arteries. These authors concluded that the vascular pattern became abnormal because of muscular atrophy and believed it unlikely that a primary vascular abnormality was responsible for the muscle disease. More recently, James described a noninflammatory degeneration of small (1 mm or less) coronary arteries supplying the sinus and atrioventricular nodes and discussed the occurrence of arrhythmias and heart block in the light of these observations.51' 52 Similar small vessel disease was found in other areas of the heart, but the arteriopathy could not be related to the areas of myocardial fibrosis. Neither of James' patients had the classic features of typical Duchenne dystrophy, although one was classified as "pseudohypertrophic."
Weisenfeld and Messinger,10 in 1952, drew attention to tall right precordial R waves in dystrophic patients. This QRS deformity has been subsequently confirmed21-23, 25, 45 and has been considered characteristic enough to be used in the identification of sex-linked Duchenne dystrophy.21 '25 In our group, 20 of the 35 subjects had abnormally tall R waves in lead V1 (table 4, fig. 6 ). Morphologically, the tall R wave was followed by a smaller S wave without prolongation or splintering of either. In some, the RS complex in lead V, resembled an early transition zone ( fig. 5 ). It is clear from previous observa-tions24 as well as from our own that neither pulmonary hypertension nor the presence or degree of thoracic deformity'0' 23, 30 cause the anterior shift of the QRS (fig. 6 ). Furthermore, Circulation, Volume XXXIII, April 1966 an increase in right ventricular free-wall thickness has not been an autopsy feature in any of the types of dystrophy.10' 11, 20, 53 Dystrophic disease of the right ventricle has been characterized by replacement of muscle by connective tissue and fat. '6' 22 Although remaining muscle cells may vary widely from atrophy to hypertrophy, it is difficult to believe that the scattered hypertrophic fibers are capable of generating increased electromotive force. Some investigators have suggested23' 24 that the tall R wave in lead V1 might represent a conduction defect due to myocardial dystrophy. An occasional transition of this pattern into "incomplete right bundle branch block" has been used to support this thesis.23 However, the vectorcardiograms did not show defects in ventricular conduction ( fig. 6 ). Although terminal forces directed to the right and anterior (r' in aVR or V, or both) were common in our patients (table 4, figs. 5 and 6), no transitions from tall R waves were encountered in lead VI. A decrease in anteroposterior chest dimensions may cause a small r' in aVR or V, but does not cause tall R waves in the right precordial leads.30 It might be postulated that selective dystrophy of the strictly posterior portion of the left ventricle could cause an anterior QRS shift. However, the Duchenne electrocardiogram differs from the typical tracing of strictly posterior myocardial infarction.54 In the latter, lead V, commonly displays 0.04-second initial R waves and upright T waves, and should diaphragmatic or lateral infarction co-exist, the Q waves are typically broad, but not deep. Braundo and co-workers55 recently described abnormally tall R waves in Vl_2 together with deep (but not broad) Q waves in lateral precordial or limb leads in patients with ventricular septal hypertrophy. Some of their tracings resemble the Duchenne electrocardiogram. If augmented septal forces occur in sex-linked progressive muscular dystrophy, the augmentation is apt to be due to the nature of the septal muscle rather than to its thickness. In our case that came to necropsy, the septal muscle was conspicuously spared. If pseudohypertrophic muscle involves the septum, it would still have to be showvn that these fibers are capable of generating increased electromotive force. Electromyographic data from systemic pseudohypertrophic muscle are inconclusive in this regard. 56 Ninety-one per cent of our Duchenne patients had abnormal electrocardiograms.10' 22 Tracings from dystrophic siblings were occasionally remarkably similar (fig. 6 ). There were no significant differences in the tracings when analyzed according to patient age, disease duration, or systemic disability. However, this was a prospective study with subjects seen relatively early in the course of the disease. In addition, patients believed to have benign Duchenne dystrophy or lim) girdle dystrophy with pseudohypertrophy were separately classified. This type of selection may account in part for the differences in electrocardiographic patterns relating to age, disease duration, and disability reported by others.23 With one exception, comparative electrocardiograms at intervals of a few months to several years were similar. The patient who died of cardiomyopathy developed prominent Q waves in leads I, aVL, and V.-, , between the ages of 12 and 16 years. Prior to death his electrocardiogram remained unchanged except for ventricular bigeminy related to digitalis toxicity.
The foregoing data confirm that the scalar electrocardiogram is both the earliest and most sensitive index of dystrophic heart disease in the Duchenne group. The vectorcardiogram appears to be less sensitive. The pattern of tall R waves in V, and deep Q waves in limb leads or left precordial leads (figs. 5 and 6) appears sufficiently distinctive to be diagnostically useful in identifying classic sexlinked Duchenne dystrophy,25 even when clinical features of specific systemic myopathy are inconclusive.
Skeletal muscle enzymes may copiously enter the plasma as a result of myopathic disease. The determination of serum enzyme concentrations (aldolase, LDH, the transaminases, malic dehydrogenase, and more recently creatine phosphokinase) has represented a major advance in the clinical assessment of progressive muscular dystrophy, particularly the early aggressive Duchenne type.3
In our group, serum enzyme elevations were common (table 5) . It has generally been assumed that the source of elevated enzyme is skeletal muscle, but Sundermeyer and coworkers,26 by comparing coronary sinus to systemic concentrations, detected myocardial release of malic dehydrogenase and aldolase in several patients. In 12 of our patients (table 5) , there were no significant coronary arteriovenous differences of total serum enzymes, but in three, there were increased ratios of coronary sinus to systemic arterial concentrations of either LD, or LD2 4 isozymes.
Although this may represent myocardial release of enzyme, it seemed discordant that the release should involve LD, or LD2 4, since these isozymes are generally believed to originate in skeletal and not cardiac muscle (infra vide). In any event failure to detect an increase in coronary sinus enzymes may reflect intermittent release rather than absence of dystrophic heart disease. The patient who died of cardiomyopathy had no evidence of myocardial release of enzymes but did have enzymatic evidence of active systemic dystrophy 8 months prior to death and again preterminally.
In view of the belief that necrotic tissue impresses its pattern upon the concentrations of serum LDH isozymes,28 it was hoped that detection of relative increases in LD5 might be useful in identifying active myocardial dystrophy. However, the isozyme profile of dystrophic skeletal muscle may in itself be abnormal9' 58, 59 with a decrease in the slowmigrating (cathodal) fraction (LD, of Wroblewski) and a relative increase in the fast-moving (anodal) fraction (LD5 of Wroblewski). Thus, a basic change in isozyme composition of affected skeletal muscle limits the value of an increase in anodal fraction in the clinical detection of a myocardial source of enzyme. The skeletal origin of the increased LDO in our patients (table 5) is consistent with the similarity in concentrations of this isozyme in systemic arterial and coronary sinus samples.*
The number of detailed hemodynamic observations in Duchenne dystrophy is limited. In 1958, Gailani and co-workers24 reported results of right heart catheterizations in 11 patients, two of whom were believed to have had latent cardiac failure. In two others, the cardiac outputs were below normal. In 1959, Lisan and co-workers39 studied a 19year-old youth who had normal right heart pressures despite clinical evidence of cardiac failure and biopsy evidence (thoracotomy) of dystrophic involvement of both left atrium and left ventricle. Sundermeyer and co-workers26 studied nine children with Duchenne dystrophy and commented upon the frequency of elevated cardiac output. In addition, their data suggested uncoupling of oxidative phosphorylation in the dystrophic myocardium. More recently, Storsteinl6 reported catheterization data on three patients. One had experienced clinical congestive failure and showed elevations of pulmonary arterial and pulmonary wedge pressures. One other had an elevated wedge pressure that was considered evidence of latent left ventricular failure.
In our patients (table 6) , the pulmonary capillary venous pressures (wedge) were normal. The height of these pressures had to be interpreted in the context of marked respiratory swings (0 to 12 mm Hg) that may have been related to a decrease in lung compliance. In three patients relatively low pulmo-*It should be emphasized that in designating LDH isozymes, there are two numbering systems, each the converse of the other. In one system (Weime60) the anode is to the left of the cathode so that electrophoretic separation is from right to left, but the numbering is from left to right; the anodal fraction is LD, (fastest) and the cathodal fraction is LD;
(slowest). In the other system (Wroblewski and Gregory28), the anode is to the right of the cathode so that separation is from left to right, but the numbering system is also from left to right; the cathodal fraction is LD1 (slowest), and the anodal fraction (LD5) is the fastest. The latter designation was used in our studies because thermal separation was based upon the method of Wroblewski.
Circulation, Volume XXXIII, April 1966 nary arterial systolic pressures caused small (11 to 12 mm Hg) right ventricular-pulmonary arterial gradients. One patient had a gradient of 22 mm Hg with a right ventricular pressure of 42 . There is no ready explanation for a gradient of this magnitude which could not be confidently ascribed to thoracic distortion with torsion of the great vessels. In five patients right ventricular end-diastolic pressure was moderately elevated (6 to 8 mm Hg). In addition, sustained abdominal compres-sion24' 29 caused an abnormal rise in right atrial mean or right ventricular end-diastolic pressures in approximately 70% of the subjects so tested. Furthermore, three of these patients had abnormal systemic arterial responses to the Valsalva maneuver. Although these observations may reflect early heart failure,24 they could in part be related to a decrease in right ventricular distensibility that may occur with diminished anteroposterior chest dimensions.30 However, in the patient who experienced rapid preterminal congestive heart failure, hemodynamic studies 8 months prior to demise revealed elevated right ventricular end-diastolic pressure and an abnormal response of both right atrial mean and right ventricular diastolic pressures to sustained abdominal compression.
The resting cardiac indices were uniformly either normal or increased. These increases occurred with normal stroke volumes and hence were due to the tachycardia frequently observed in dystrophic subjects. Augmented cardiac outputs have been commented upon by others24' 26 and have been considered in the context of reported elevations of proteinbound iodine.61 However, the concentration of protein-bound iodines was normal in all of our patients so tested.
During the course of catheter manipulation the Duchenne patients appeared unduly susceptible to cardiac arrhythmias. In addition to recurrent multiple premature beats, several subjects had runs of ectopic tachycardia which spontaneously abated in each instance after catheter withdrawal. In one previous report, catheterization was terminated because of atrial flutter.24 These observations emphasize the need for meticulous monitoring when hemodyamic studies are performed.
Attention has been called to the incidence of respiratory illness in progressive muscular dystrophy,5 23 and it might be postulated that involvement of the respiratory muscles may cause anoxemia and cor pulmonale. All seven of our patients with pulmonary restrictive defects had moderate to marked thoracic deformities together with involvement of thoracic muscle. Gas analyses of arterial blood were uniformly normal in these patients, and except for the marked swings in mean wedge pressure suggesting diminished lung compliance, the observed abnormalities in pulmonary function had no apparent hemodynamic effects.
Limb Girdle Dystrophy 3 9' 46 ( Fig. 1 , Table 1) Inheritance is usually autosomal recessive, although many cases appear to be sporadic. The onset may be from childhood to middle age but is generally in the second decade. The sexes are equally involved. Muscular weakness may begin in either pelvic or shoulder girdle with subsequent involvement of both areas as a rule. The rate of progession is variable although disability is often severe within two decades of onset. Cardiac involvement has been considered uncommon in this form of dystrophy.46 Inferences from the literature are difficult to draw because of the inconclusive clinical grouping. However, QRS prolongation was described in one patient62 and atrial flutter in another who appeared to have sporadic limb girdle dystrophy.14 More recently, Welsh and co-workers45 reported electrocardiographic changes in patients with limb girdle dystrophy, three of whom had cardiac failure.
Eight of 13 limb girdle patients were ambulant at the time of study (table 2). One patient had dyspnea, orthopnea, and edema that appeared to be of cardiac origin. The same patient (on digitalis) had a third heart sound, a PR interval of 0.20 second, nodal premature beats, and low voltage T waves. Edema in a second patient was considered equivocal, and chest pain in a third was believed to be musculoskeletal. In four subjects palpable right ventricular and pulmonary arterial systolic impulses occurred with diminished anteroposterior chest dimensions (straight thoracic spines) and normal right ventricular pressures.
Atrial and third heart sounds have been frequent findings in primary myocardial disease and are believed to be reflections of the cardiomyopathy.48' It is noteworthy in this respect that three of our patients beyond the age of 35 years had third heart sounds, three with normal PR intervals had atrial sounds, and five had atrial and third heart sounds (quadruple rhythm) ( fig. 3 ). These subtle auscultatory events might be considered presumptive signs of dystrophic heart disease. Their occurrence in the patient with dyspnea, orthopnea, and edema is in accord with this view.
Chest X-rays were of little help in the detection of cardiomyopathy. Abnormalities of thoracic configuration (straight thoracic spine, pectus excavatum, and scoliosis) could account for the prominent pulmonary artery segment and leftward shift of the heart seen in two instances.
A number of patients had minor electrocardiographic alterations such as slight PR interval prolongation,3' rightward terminal QRS electrical forces, and minor T-wave changes. However, one boy at age 5 and again at age 6 years had a right ventricular conduction defect and a pathological splintered 0.04-second Q wave in aVL. Another patient, aged 9 years, had lead aVL and V5-, Q waves that slightly exceeded Ziegler's normals in depth.3' Her sister, aged 16 years, had an elevated lead V, R/S ratio which, however, was due principally to a shallow S wave rather than a tall R wave. These latter two electrocardiograms somewhat resembled those of sex-linked Duchenne dystrophy in the type but not in the degree of change. Both patients were females who were fully ambulant, who did not have Turner's syndrome,63 or calf pseudohypertrophy, and who had no additional heredofamilial dystrophy.
Concentrations of one or more serum enzymes were elevated in the majority of patients so tested. In the two who underwent coronary sinus catheterization, myocardial release of enzyme could not be detected. In one patient the right ventricular end-diastolic pressure was slightly elevated but did not rise abnormally with abdominal compression. All other hemodynamic parameters were normal.
Kilburn and co-workers62 described pulmonary ventilatory features and results of blood gas analyses in a group of dystrophic patients, six of whom appeared to have limb girdle dystrophy. Respiratory symptoms included mild effort dyspnea, chronic productive cough, and recurrent respiratory infections. Reductions in total lung volume, vital capacity, and maximum breathing capacity were ascribed to limitations of adequate thoracic expansion secondary to weakness of chest muscles or diaphragm. Our findings were in accord with these observations. In the four patients in whom pulmonary function was assessed, all had mild-to-moderate restrictive defects. Despite the limitations of lung expansion, none of these patients were anoxemic or hypercapnic, and the pulmonary arterial and right ventricular pressures were normal. Benign Duchenne Dystrophy or Limb Girdle Dystrophy with Pseudohypertrophy3, 8, 9 (Fig. 1 , Table 1 ) Some patients (male or female) with autosomal recessive limb girdle dystrophy (pelvic or shoulder girdle) have pseudohypertrophy of the calves.3 Other patients (male, but occasionally female) with an autosomal recessive form of Duchenne dystrophy experience a relatively slower progression of the disease than patients with the classic aggressive sex-linked recessive form.3 8 64 Finally, in a few patients (males) with Duchenne dystrophy, the disease pattern resembles the sex-linked form but is of substantially later onset and runs a slower course.3 65 Clinical identification of these subvarieties may be difficult, especially when family pedigrees are not extensive enough to permit genetic separation. Pearson,9 confronted with this problem, used the term Circulation, Volume XXXIlI, April 1966 "benign Duchenne dystrophy or limb girdle dystrophy with pseudohypertrophy." Four of our patients were considered in this context (table 2) .
It is difficult to comment upon the published occurrences of heart disease in such patients because classifications are not clear. However, the following cases-in light of the location of the dystrophy, the presence of calf pseudohypertrophy, the natural history of the muscle disease, and the type of electrocardiogram-may represent examples of cardiomyopathy in benign Duchenne or limb girdle dystrophy with pseudohypertrophy. Storstein and Kinge15 described a girl with atrophy of pelvic and thigh muscles, with lesser atrophy of the shoulder girdle, and with pseudohypertrophy of the calves. The disease had begun at age 5 years. At age 17 years, she had clinical and hemodynamic evidence of heart failure from which she died. Rubiez and Saab66 described "progressive muscular dystrophy" (clinical and biopsy diagnosis) in a 32-year-old man whose disease began at age 20 years. Examination revealed "bulky calf muscles." There was no heredofamilial history of myopathic disease. Clinical and hemodynamic evidence of cardiac failure were convincing. James5' published a detailed report of a young man with "pseudohypertrophic progressive muscular dystrophy." One cousin had a similar disease from which he died at age 26 years. The patient had been affected from early childhood and presented at age 19 with atrial flutter and cardiomyopathy from which he died. The muscles of the calves and forearms were described as "well-developed." Several prior electrocardiograms had been normal and the published tracing had none of the features of classic sex-linked Duchenne dystrophy.5' In a case described as pseudohypertrophic progressive muscular dystrophy by Duke and Crosby,67 the disease began at age 13 with gradual progression over the next 34 years. The calves were "enlarged and rubbery." There was no history of heredofamilial myopathic disease. Asymptomatic cardiomegaly was followed by overt cardiac failure and death. Serial electrocardiograms, al-though grossly abnormal, had no features of classic Duchenne dystrophy. Kiloh and Nevin41 described a male with "enlargement and hardness" of calf muscles at age 10 years, mild leg weakness at age 16 years, progressive muscle wasting between the ages of 25 and 32 years, and gross cardiac failure with left bundle branch block at age 40 years.
Our four "benign Duchenne" or "limb girdle pseudohypertrophy" subjects were males, three of whom were ambulant (table 2). One patient (strikingly similar to the cases of Duke and Crosby67 and of Kiloh and Nevin41) had the onset of pelvic girdle weakness and calf pseudohypertrophy at age 13 years. At age 40 there was slight radiologic cardiomegaly, pulsus alternans, a third heart sound gallop rhythm, and an electrocardiogram ( fig. 8) showing left axis deviation and QRS prolongation. Calf pseudohypertrophy was distinct but moderate ( fig. 1 ). There was no family history of myopathic disease. Over 4 years, progressive cardiac enlargement, overt heart failure, pulmonary edema, and permanent complete heart block developed ( fig. 8 ).
Death occurred at age 45 after a disease duration of 32 years. The man was ambulant up to the time of death. Autopsy ( fig. 7 ) disclosed diffuse biventricular dystrophic cardiomyopathy including the region of the bundle of His. Repeated serum enzyme determinations (during the last 3 years of life) were consistently normal; this observation suggested that the effects of dystrophic heart disease were progressive in the absence of enzyme evidence of active systemic dystrophy. The other three patients in our "benign Duchenne" or "limb girdle pseudohypertrophy" group also deserve individual comment. Two had combinations of atrial and third heart sounds ( fig. 3 ) that were probably pathological and hence likely reflections of cardiomyopathy. None had radiological cardiomegaly, although a "pancake" appearance of the heart in one was believed to relate to the straight thoracic spine. In one of these patients, there was a moderate increase in the R wave with an R/S ratio of exactly 1.0 in lead Vl. Although the morphology of this lead was reminiscent of classic sex-linked Duchenne dystrophy, the degree of change was modest, the remainder of the tracing was normal, the disease had its onset at age 15 years, and the patient was ambulant with only mild progression over the subsequent 5 years. At cardiac catheterization, features of occult heart failure were reflected in the elevated right ventricular end-diastolic pressure, the abnormal response of right atrial mean and right ventricular end-diastolic pressures to abdominal compression, and the abnormal systemic arterial response to the Valsalva maneuver. Although serum enzymes were elevated, coronary sinus catheterization did not detect myocardial release of enzyme. In another patient (with only a third heart sound) there were 2 to 3-mm Q waves in leads V5 and V6. The morphology of these leads was reminiscent of classic sexlinked Duchenne dystrophy, but the degree of change was borderline; the remainder of the tracing was normal. There was no family history of myopathic disorder, the limb girdle disease began at age 4 years, but pseudohypertrophy was slight and the patient was ambulant with only mild progression over the subsequent five years. The fourth patient in this group (with normal X-rays and electrocardiogram) had both atrial and third heart sounds vith elevated right atrial mean and right ventricular end-diastolic pressure suggesting occult cardiac failure. Although systemic enzymes were elevated, myocardial release of enzyme was not detected. Facioscapulohumeral Dystrophy 3 9 ( Fig. 1 , Table 1) Inheritance is commonly autosomal dominant with equal expression in male and female. Symptoms may begin from early childhood to middle life, although the onset is generally in adolescence. The facial and scapulohumeral muscles are initially involved with subsequent spread to pelvic girdle and proximal leg muscles, but pseudohypertrophy is a rarity. Progression is characteristically insidious with a far better prognosis than limb girdle dystrophy. Death is usually unrelated to the basic myopathic disease.
Cardiac involvement in facioscapulohumer-al dystrophy is considered rare.40 Details from the literature are often unclear because of inadequate classification. Schott and co-work-ers2' used the term "facioscapulohumeral" as synonomous with "nonpseudohypertrophic" and emphasized the absence of electrocardiographic abnormalities in this group. Manning and Cropp,2 employing similar terminology, found three examples of left axis deviation that may have reflected cardiomyopathy in facioscapulohumeral dystrophy although again the term appears to have been used too broadly. On the other hand, Lisan and associ-ates39 described a 58-year-old woman with biopsy evidence of progressive muscular dystrophy, with clinical involvement of facial, scapular, and gastrocnemius muscles, with T and P-wave abnormalities in the electrocardiogram, radiological cardiomegaly, and congestive heart failure at age 32 years. In one case described as facioscapulohumeral by Gailani and co-workers,24 the cardiac output was low and there was first degree heart block, QRS prolongation, and right bundle branch block. However, the patient had undergone thyroidectomy and had a reduced protein bound iodine. Kilburn et al.62 described two facioscapulohumeral patients with pulmonary restrictive defects associated with weakness of thoracic muscles. One had incomplete right bundle branch block.
In our facioscapulohumeral patients, the 36-year-old woman had both atrial and third heart sounds ( fig. 3 ) and an abnormal brachial arterial response to the Valsalva maneuver;
this combination suggested occult cardiac failure. A second patient had a slightly elevated wedge pressure. None of the patients had myocardial release of total enzyme or of LDH isozymes during coronary sinus catheterization. There were no features in the remaining data to suggest cardiomyopathy. One patient with dyspnea had a pulmonary restrictive defect and a second patient had mild expiratory obstruction.
The observations of all the types are summarized in table 9 . Summary A prospective study was undertaken in Circulation, Volume XXXIII, April 1966 order to examine the histories, physical signs, phonocardiograms, electrocardiograms, vectorcardiograms, X-rays, serum enzymes, pulmonary ventilatory findings, and hemodynamics in a group of 55 patients selected solely on the basis of one of the major types of progressive muscular dystrophy (table 9 ). The classification included: (1) the classic Duchenne type, (2) the limb girdle type, (3) the facioscapulohumeral type, and (4) a group of patients in whom clinical distinction between benign Duchenne dystrophy and limb girdle dystrophy with pseudohypertrophy could not be made. No patient had recognized heart disease prior to selection. Follow-up periods ranged from a few months to 5 years. The pertinent literature was extensively reviewed. In all groups clinical evidence of heart disease had to be interpreted in the context of the influence of the somatic musculoskeletal defects on "cardiac" symptoms, cardiovascular physical signs, and radiological appearance of the heart. On the other hand, convincing evidence of intrinsic heart disease-subtle to overt-was found in each of the major categories of progressive muscular dystrophy. Detection of cardiomyopathy was simplest and most frequent in the classic Duchenne group because of the highly characteristic features of the scalar electrocardiogram which might direct attention to the systemic myopathy prior to its clinical recognition. However, the presence of heart disease in patients with forms of dystrophy other than the classic Duchenne deserves particular emphasis. Evidence of cardiomyopathy in these latter forms varied from subtle quadruple gallop rhythms in the limb girdle and facioscapulohumeral groups to cardiomyopathic death in the benign Duchenne and limb girdle-pseudohypertrophic group.
Currently available information on the heart in muscular dystrophy has as a rule depended upon retrospective studies, upon reviews of published reports of incompletely classified cases, upon discussions of individual cardiovascular features, or upon observations of individual types of dystrophy. The present 
